Understanding the mechanical properties of nanoscale systems requires a range of measurement techniques and theoretical approaches to gather the relevant physical and chemical information. The arrangements of atoms in nanostructures and macroscopic matter can be different, principally due to the role of surface energy, but the interplay between atomic and electronic structure in association with applied mechanical stress can also lead to surprising differences. For example, metastable structures such as suspended chains of atoms 1-3 and helical wires 4,5 have been produced by the stretching of metal junctions. Here we report the spontaneous formation of the smallest possible metal nanotube with a square cross-section during the elongation of silver nanocontacts. Ab initio calculations and molecular simulations indicate that the hollow wire forms because this configuration allows the surface energy to be minimized, and also generates a soft structure capable of absorbing a huge tensile deformation.
Observation of the smallest metal nanotube with square-cross-section Understanding the mechanical properties of nanoscale systems requires a range of measurement techniques and theoretical approaches to gather the relevant physical and chemical information. The arrangements of atoms in nanostructures and macroscopic matter can be different, principally due to the role of surface energy, but the interplay between atomic and electronic structure in association with applied mechanical stress can also lead to surprising differences. For example, metastable structures such as suspended chains of atoms [1] [2] [3] and helical wires 4, 5 have been produced by the stretching of metal junctions. Here we report the spontaneous formation of the smallest possible metal nanotube with a square cross-section during the elongation of silver nanocontacts. Ab initio calculations and molecular simulations indicate that the hollow wire forms because this configuration allows the surface energy to be minimized, and also generates a soft structure capable of absorbing a huge tensile deformation.
The study of metal junctions has mainly been associated with gold nanowires 6 due to the easiness of performing experiments with a low reactivity metal. Considering other noble metals, silver shows a face centered cubic (fcc) structure with almost identical lattice parameter of Au, but subtle changes of the surface energy (cubic facets {100} gain importance over the compact {111} planes 7 ) generate clear differences in structural and mechanical behavior in comparison with Au nanowires 8, 9 . Fig. 1 shows the stretching of a silver nanowire along [001] direction (hereafter noted [001] nanowire) (Supplementary Material, Video01). Initially, the wire shows a rod-like morphology and, gradually thin to finally form a linear atom chain. The evolution of Ag suspended atom chains is rather fast (see discussion in Methods Section) what renders difficult a clear identification of the atomic positions and precise measurement of bond lengths. The estimatives from intensity profile curves suggest bonds values of 3.4-3.6 Å (image 10.3 s in Fig.  1 ).
As {100} facets are favored in silver nanoparticles 7, 8 , it is expected that [001] nanorods would display square cross-section. At 0 s, the atomically resolved image shows a flattened hexagonal pattern, that agrees with a square fcc Ag rod whose width is one lattice parameter (a 0 = 4.09 Å) and, being observed along the [110] direction (Fig. 2a, left side) . The 3.6 s image shows a bamboo-like contrast pattern formed by squares of side a 0 and, a rather bright center. The observation of this kind of contrast in [001] Ag nanowires is not a rare event. We have observed many different silver rods with bamboo-like-contrast obtained from different experimental conditions (room and low temperature experiments, see Supplementary Material, Fig. S1 ).
As a HRTEM image showing square symmetry can only occur for observations along cubic axes (or <100> kind of directions, Fig. 2a )
. Surprisingly, we have noted that when a nanowire displays a bamboo-like image, a fluctuation between bamboo-like contrast and deformed hexagonal pattern occurs during nanowire elongation (Fig. 3a) .
We must emphasize that a one-lattice-parameter-wide [001] fcc wire observed along [100] axis does not account for the bamboo-like contrast, because a square arrangement of periodicity a 0 /2 should be observed (Fig. 2a, left side) . To explain the bamboo-like contrast pattern, we must simply remove the atoms at the wire axis (grey colored atoms in Fig. 2a ), what generates a hollow square cross-section nanowire. To test this model, we can perform a more detailed analysis of HRTEM images. For example, a close look at the 3.6 s micrograph (Fig. 1) shows that the black disks (indicating atom positions) located at the center of the square sides are darker that the ones at the corners. HRTEM images represent a bi-dimensional projection of the atomic structure and, contrast of atomic columns can be, in a first approximation, considered proportional to the number of atoms along the observation direction 10, 12 ; this provides a way to test both projected and three dimensional proposed atomic arrangement. The comparison between intensity profiles extracted from the bamboo-like contrast micrograph and simulated HRTEM image of a hollow square Ag pillar yields excellent agreement (Fig. 2b) , strongly supporting the interpretation by means of a tubular wire structure.
One important issue to be addressed is whether the tubular structure stability could be the result of the presence of light elements or contaminants invisible to HRTEM. Extensive ab initio calculations allow us to rule out this possibility. Details of this investigation will be published elsewhere.
The suggested hollow [001] nanowires are formed by the stacking of two different planes containing 4 atoms each (4 A /4 B stacking), instead of the 5/4 stacking in a fcc wire (Fig. 2a) . A tubular wire formed by the stacking of two atomic planes containing both 4 atoms, should display two energetically equivalent atomic arrangements obtained by just interchanging the A,B sites along the wire. It is very likely that these two energy minima should present a rather low energy barrier mode, in such a way that the wire should fluctuate between these two configurations. In structural terms, this process may occur by contracting the planes 4 A to generate 4 B one, while producing the opposite at the 4 B plane (expansion →4 A ). When looked in a HRTEM experiment, the suggested process (breathing-like) would appear as a nanowire axial rotation exchanging [100] and [110] observation directions (see Fig. 3 and, Supplementary Material Video02). As a matter of fact, this structural fluctuation is indeed observed (apparent nanowire axial rotation discussed above, Fig. 3 ) and, then, it provides unambiguous confirmation of the hollow nanowire structure formation.
We have analyzed the structural stability by total energy calculations of Ag nanowires using ab initio Density Functional Theory (DFT) methodology 13, 14 . Fcc wires formed by 5 up to 13 atomic planes (2-6 a 0 in length) were first analyzed. The layers at the nanowire ends always contained 5 atoms and are kept frozen during the geometrical optimizations in order to simulate the lattice matching of a perfect crystal; the corresponding tubular wires were formed by introducing 1 up to 5 vacancies in the fcc wire axis. The related formation energy by atom of the relaxed structures is shown in Table 1 ; Fig. 4a shows an example of the derived relaxed atomic wires. The calculations indicate that tubular nanowires are slightly less stable than fcc ones, this implies that the elastic energy associated with the elongation is contributing for the formation and stabilization of these peculiar hollow nanowires. Relaxed tubular structures show a slight corrugation of the lateral [100] type of facets due to the contraction of atomic planes where vacancies were introduced. This corrugation has not been observed experimentally, probably due to the typical experimental error ~0.2 Å for distance measurements from the time-resolved HRTEM observations. A question which naturally arises is how the stretching induces a structural evolution leading to the metastable Ag nanotube formation. In this sense, it must be mentioned that several theoretical groups have reported extended search for the Ag nanowire structure generated during the wire thinning processes 15, 16 , but hollow structures have not been considered. Then, we have investigated the Ag wire elongation using molecular simulations; firstly, we have analyzed wether a one-lattice-parameter-wide fcc Ag nanowire (5/4 stacking) can evolve to form the hollow wires. We have taken the relaxed fcc wire formed by 13 layers from the previous calculations (total length 24.082 Å) and applied a stretching along [001] direction. The elongation was induced by increasing the distance between the buffer layers at the wire ends in 0.1 Å steps and, subsequently, we optimized the structures within the same ab-initio theoretical framework. The HRTEM image interpretation also suggests that the removal of central atoms of atomic planes containing 5 atoms is the key element to generate 4/4 stacking of hollow wires. This might indicate that perhaps high stress gradients may be essential to induce the formation of hollow structures and could be one of the reasons why we did not theoretically obtain hollow tubes by a rather soft stretching of 5/4 structures. To test this hypothesis, we repeated the calculations now under the conditions of higher stress (increasing the interlayer distances between all atomic planes along the nanowires in steps of 0.5 Å), but, again, hollow tubes were not formed. Another possibility is that the shape of the basis could be important (since it affects the stress redistribution). In these terms, we must analyze the next thicker square-section Ag nanowire, which is 1.5 lattice parameter wide and is formed by the stacking of two different planes containing 8 atoms (8 A /8 B stacking, the geometrical deduction of this thicker rod structure is shown in Fig. S2, Supplementary Material) . Both atomic planes in the 8 A /8 B wire can be easily decomposed in 2 squares containing 4 atoms, and they will naturally split into a 4/4 stacking if we extend the mechanism discussed previously (8 A /8 B wire, see Fig. 4c ). We have then built a 8 A /8 B fcc wire with similar number of atoms (64 atoms in comparison with 59 for the 5/4 structures, see Fig. 4c ). We then tested the low and high stress regimes using a similar procedure, starting with a relaxed 8 A /8 B structure and keeping frozen the end layers. The low stress elongation regime does not generate hollow tubes, but for the high stress one, we did obtain hollow structures (4 A /4 B stacking) with just two steps of interlayer spacing increase (see evolution in Fig. 4c) , getting a structure fully consistent with the experimentally observed ones. It is interesting to note the 4 A /4 B tubular region is connected to the nanowire buffer layers by two short [001] regions with a 2/2 stacking (right side of Fig. 4c) ; this structure has also been predicted using the geometrical Wulff construction (see Fig. S2 , Supplementary Material).
We have shown that a suitable combination of time-resolved atomic resolution experiments and ab-initio theoretical modeling has unraveled the spontaneous formation of the smallest possible (one-lattice-parameter-wide) square metal nanotube during Ag nanowire stretching. The quantum ballistic conductance of these tubular nanowires should be ~3.6 G 0 (G 0 conductance quantum) as predicted using the methodology described in Ref [17] ; this signature could be a relevant information to make this structure identifiable from electronic transport experiments. The theoretical analysis suggests that the formation of hollow structures requires a combination of minimum basis size and high gradient stress; this could explain why these structures have not been reported before, even in the theoretical simulations where low stress regimes and small structures have been the usual approach. Our results demonstrate that the proper understanding of the mechanical deformation of nanosystems requires the analysis of high symmetry metastable atomic arrangements. In fact, the revealed metastable hollow atomic structure of square crosssection fulfill a dominant energy term in nanosystems, i.e. the surface energy minimization requirement (exposing only [100] kind of facets); and, at the same time, generates a soft structure capable of absorbing a huge tensile deformation when high stress is applied.
METHODS HRTEM IMAGING AND DATA TREATMENT
Silver nanowires were produced inside the HRTEM (JEM-3010 URP 300kV, 0.17 nm point resolution). Firstly, holes are opened in a self-supported metal film by focusing the electron beam and, nanometric bridges are formed between neighboring holes 18 . These constrictions evolve, elongate and break; this process is recorded with a high sensitive TV camera (Gatan 622SC). The dynamic HRTEM observations have been realized at room (~300 K) and low temperature (~150 K) using a liquid N 2 cooled Gatan 613-DH sample holder 19, 20 . We would like to stress that the peculiar Ag nanowire structures described here are not the result of any additional special procedures to the method introduced by Takayanagi´s group 18 .
It must be emphasized that Ag wires are very difficult to deal with, because the Ag melting temperature is lower than Au one; in consequence, the structural evolution is much faster. Typically, just a few frames contain all the nanowire thinning and breaking for experiments performed at room temperature 8, 10 ; then it is rather difficult to get a clear data on the dynamics with such limited time resolution (0.033 s). Additional complication is derived from Ag lower contrast in HRTEM due to its lower atomic number (47 versus 79 for Au). To improve this issue, we have observed the elongation process while keeping the silver nanowires at low temperature, what renders the dynamics of atom and defects propagation much lower, and better recordings can be generated. Our precedent data taken at room temperature in 2001-2002 8 did not show enough signal-noise-ratio to make the identification of the bamboo-like contrast contrast reliable.
Images have been taken at Scherzer defocus, then contrast of atomic columns can be, in a first approximation, considered proportional to the number of atoms along the observation direction. Interpretation of image contrast profiles has followed data processing as described in Ref. [10, 12] . This procedure provides information on the projected structure and, by assessing the number of atoms in each column, we also get direct verification of the three dimensional atomic arrangement.
TOTAL ENERGY CALCULATIONS AND MOLECULAR SIMULATIONS:
The applied methodology based on the DFT method was carried out using the SIESTA code 13, 14 that uses norm-conserving pseudo potentials (PP) and atomic orbitals as a basis set. We have used the PP built on Troullier-Martins scheme 21, 22 in a local density approximation (LDA) 23 . Firstly, we had optimized the PP to get the better lattice parameter for Ag (Ag-a 0 ) bulk. The Aga 0 was obtained with four atoms in primitive cell, for this optimization the SIESTA program allow us set free a, b, c, alpha, beta, and gamma, length and angles, respectively. The system was optimized when forces on atoms are bellow to 0.01 eV/Å. We found the Ag-a 0 less than 2% of difference compared with the experimental ones. Fcc and hollow nanowires were studied only in the static case not considering dynamics in a molecular dynamics framework (time dependence), a similar procedure has been used recently 23 . P.C. Silva is acknowledged for assistance during sample preparation. Supported by LNLS, FAPESP and CNPq. 
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